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Protein misfolding and aggregation are associated with more than twenty diseases, such as 
neurodegenerative diseases and metabolic diseases. The amyloid oligomers and fibrils may induce cell 
membrane disruption and lead to cell apoptosis. A great number of studies have focused on discovery of 
amyloid inhibitors which may prevent or treat amyloidosis diseases. Polyphenols have been extensively 
studied as a class of amyloid inhibitors, with several polyphenols under clinical trials as 
anti-neurodegenerative drugs. As oxidative intermediates of natural polyphenols, quinones widely exist in 
medicinal plants or food. In this study, we used insulin as an amyloid model to test the anti-amyloid effects 
of four simple quinones and four natural anthraquinone derivatives from rhubarb, a traditional herbal 
medicine used for treating Alzheimer's disease. Our results demonstrated that all eight quinones show 
inhibitory effects to different extent on insulin oligomerization, especially for 1,4-benzoquinone and 
1,4-naphthoquinone. Significantly attenuated oligomerization, reduced amount of amyloid fibrils and 
reduced hemolysis levels were found after quinones treatments, indicating quinones may inhibit insulin 
from forming toxic oligomeric species. The results suggest a potential action of native anthraquinone 
derivatives in preventing protein misfolding diseases, the quinone skeleton may thus be further explored for 
designing effective anti-amyloidosis compounds. 



Amyloid formation plays an important role in the pathogenesis of misfolding-based diseases such as 
Parkinson's disease, Alzheimer's disease and type 2 diabetes mellitus 1 " 3 . Under appropriate condition, 
proteins may form toxic aggregates by first misfolding into P-sheet-rich intermediates, which further 
assemble into soluble oligomers and finally to linear mature fibrils 4 . The aggregated species formed in this process 
may attach to cell membranes and cause membrane permeabilization, which induce cell dysfunction and apop- 
tosis 5 ' 6 . It is generally believed that interruption of amyloid aggregation may provide a plausible therapeutic 
approach for protein misfolding diseases 7 . 

Insulin is a hypoglycemic hormone that widely used as anti- diabetic drug. Insulin amyloidosis was commonly 
found at the site of repeated insulin injection in diabetic patients as well as in the clinic formulations 8 " 11 . Different 
from the natively unstructured amyloidogenic proteins such as islet amyloid polypeptide, amyloid- 13 and a- 
synuclein 12 " 14 , insulin belongs to the category of natively structured amyloidogenic proteins, such as prion and 
lysozyme 15 " 17 , and is also commonly used as a classical model to probe the mechanisms of protein fibrillation since 
insulin amyloids share the same typical cross- P structure as the mature fibrils of the disease relevant amy- 
loids 418,19 , as well as an amyloid model system for studying aggregation inhibitors 20 ' 21 . 

Many aggregation inhibitors have been identified to affect aggregation process, for example, small molecules, 
peptides and oligomer- or amyloid-specific antibodies 22 . Among them, native polyphenols from food or herbal 
medicines, such as epigallocatechin gallate (EGCG), curcumin and resveratrol, have been well-studied as amyloid 
inhibitors 23 " 25 . The tea catechin polyphenol, EGCG, can inhibit the aggregation of various proteins and is being 
assessed in clinical trials for Alzheimer's disease 26 . Quinones, the oxidation products of polyphenols that include 
benzoquinones (BQ), naphthoquinones (NQ), anthraquinones (AQ) and phenanthraquinones (PQ), are widely 
found in nature. Recently, several quinones have been reported to inhibit amyloid aggregation efficiently. For 
example, 1,4-benzoquinone, the simplest quinone, inhibits lysozyme fibrillization more efficiently than the 
corresponding phenol 27 . Similarly, 9, 10 -anthraquinone strongly inhibits the aggregation of P-amyloid protein 28 . 
In addition, several derivatives of 1,4-naphthoquinone have been explored as drug candidates for amyloidosis 
diseases 29 . These evidences all implicate quinones as a class of compounds with inhibitory effect on protein 
misfolding and aggregation. 
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A number of bioactive derivatives of AQ can be found in rhubarb 
extract (Rheum rhabarbarum L.), a traditional herbal medicine 
which may be used for treating amyloidosis related diseases such 
as Alzheimer's disease, with a possible mechanism that some of its 
effective components may affect P- amyloid protein related patho- 
genic pathways 30,31 . One of the anthraquinones, emodin (EM), has 
been reported to effectively inhibit tau (a microtubule-associated 
protein) aggregation and show neuroprotective effect 32 . Previous 
reports on natural quinones mainly focus on the mechanisms behind 
their anti-cancer or anti-bacterial activities 33 ' 34 , their exact effects and 
mechanisms on protein misfolding diseases remain limited. Here, we 
propose that rhubarb anthraquinones may affect protein misfolding 
and aggregation. To test this hypothesis, the amyloid inhibitory 
effects of a set of simple quinones and natural AQ derivatives from 
rhubarb (Figure 1) were compared, with insulin used as a model 
amyloid system. 

Results 

Quinones inhibit amyloid formation of insulin. Thioflavin-T 
(ThT) based fluorescence was used to monitor the aggregation 
process of 100 uM insulin that co-incubated with 50 uM of 
various quinones at 65°C. The morphology of insulin aggregates in 
the absence or presence of quinones was observed by transmission 
electronic microscopy (TEM). Control insulin gave a strong ThT 
emission with a lag time of 4.52 ± 0.45 h and reached a plateau 
within 14 h (Figure 2A). After incubation for 24 h, TEM image 
showed a mesh of insulin aggregates characterized as linear fibrils 
(Figure 3A). Except AQ, the other three simple quinones all pro- 
longed the aggregation lag time to different extent. BQ and NQ 
showed the strongest inhibitory effect accompanied with signi- 
ficantly decreased fluorescence intensities (Figure 2A), consis- 
tently, only small dispersed amorphous aggregates were identified 
in TEM (Figure 3B & 3C). In contrast, PQ (9,10-phenanthraqui- 
none) treatment prolongs the lag time of insulin to 6.97 ± 0.48 h 
(P < 0.05), but the maximum fluorescence intensity after 24 h 
incubation was similar to that of insulin alone (Figure 2A). 




1 ,4-Benzoquinone 1 ,4-Naphthoquinone 
(BQ) (NQ) 



Although AQ did not extend the lag time (4.51 ± 0.23 h), it 
nevertheless significantly reduced the maximum fluorescence inten- 
sity by 40% (Figure 2A). Despite the detectable increased fluore- 
scence intensity after prolonged incubation, classic fibrils were not 
found in samples co-incubated with AQ and PQ, only scattered 
amorphous aggregates were observed (Figure 3D & 3E) similar to a 
previous report 35 . 

Compared to AQ, four AQ derivatives from rhubarb showed no 
significant effects on lag time; however, slightly stronger inhibitory 
effects in terms of maximum fluorescence intensities were observed 
(Table 1), with CP (chrysophanol) and EM showed the greatest 
inhibition effects (Figure 2B). Large amount of amorphous aggre- 
gates was observed by TEM for samples co -incubated with the 
rhubarb anthraquinone derivatives (Figure 3F-3I); however, for 
AE (aloe-emodin) and and RH (rhein), tiny short protofibril-like 
structures were found buried in the amorphous aggregates 
(Figure 3H & 31, enlarged frames). 

To investigate whether quinones can affect the aggregation of 
already formed amyloid intermediates, each quinone was added to 
pre-incubated insulin (9 h). BQ and NQ suppressed the increase of 
fluorescence intensity in the following incubation, indicating block- 
age to the aggregation of already formed amyloid intermediates 
(Figure 2C). In contrast, PQ and AQ derivatives showed little inhib- 
itory effects to pre-formed amyloid intermediates since the fluor- 
escence continued to increase (Figure 2C). We further studied 
whether quinones can disaggregate preformed fibrils, quinones were 
added to insulin amyloids pre-incubated for 27 h. Partial disaggre- 
gation effects were detected in BQ and NQ treated samples, while no 
disaggregation effects were found in all other samples according to 
ThT fluorescence assays (Figure 2C). 

Quinones delay the secondary structural transformation of insulin. 

Far-UV CD spectroscopy was applied to analyze the effects of qui- 
nones on the secondary structure transition of insulin during amyloid 
formation. For native insulin, which is a highly structured molecule 
rich in a-helix, two characteristic minima at 208 and 222 nm were 
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Figure 1 | Chemical structures of quinones investigated in this study. (A) Simple quinones: 1,4-benzoquinone (BQ), 1,4-naphthoquinone (NQ), 
9,10-anthraquinone (AQ) and 9,10-phenanthraquinone (PQ); (B) Anthraquinone derivatives from rhubarb: chrysophanol (CP), emodin (EM), 
aloe-emodin (AE) and rhein (RH). 
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Figure 2 | Effects of quinones on amyloid formation of insulin. (A) Relative ThT fluorescence of insulin in the presence or absence of simple 
quinones; (B) Relative ThT fluorescence of insulin in the presence or absence of anthraquinone derivatives from rhubarb, AQ was used as a control; 
(C) Relative ThT fluorescence of pre-incubated insulin with quinones treatments start at 9 h or 27 h, the arrows indicate the quinones adding points. 



observed in CD spectrum (Figure 4A). During incubation, these two 
minima were decreased, indicating decreased content of a-helix 
(Figure 4A). The incubation also caused reduced ellipticity near 
200 nm that represents formation of random coil conformation duri- 
ng incubation (Figure 4A), which is similar to a previous research 
studied under extreme temperatures 36 . P- structure formation is 
regarded as a generic structural conversion in protein aggregation 37 , 
typical P- structure signature at 215 nm was not obvious until the 
fluorescence intensity of insulin reached its maximum at 24 h. 

For quinones treated samples, it was interesting to note that the 
addition of quinones immediately decreased the positive signal at 
200 nm and increased the negative band near 220 nm which refer to 
a reduction of a-helix content (Figure 4A & 4B), suggesting there 
may be a direct interaction between quinones and insulin. After co- 
incubated with quinones for 6 h and 12 h, the spectral changes at 200 
and 220 nm were significantly less compared to those of the insulin 
control, indicating quinones delay the structural transformation 
(Figure 4F & 4G), which was consistent with the accompanying 
ThT-fluorescence measurements (Figure 4C & 4D). At the end of 
24 h incubation, although the fluorescence still showed notable 
inhibitory effects of quinones (Figure 4E), the CD spectra neverthe- 
less suggested the secondary structures of all quinones treated sam- 
ples were similar to that of control insulin (Figure 4H). 



Quinones inhibit the oligomerization and fibrillation of insulin. 

Size- exclusion chromatography (SEC) was first used to analyze the 
oligomerization states. For insulin, the monomer showed a single 
peak eluting at 22.4 min with a calculated molecular weight (MW) 
of 5.8 kD, while the addition of quinones caused no change to the 
monomeric status of insulin at the beginning of the incubation 
(Figure 5 & Figure SI). After incubating for 6 h, small peaks 
appeared with elution time between 19.5-21.5 min (ca. 10-16 kD), 
suggesting the formation of dimers and trimers (Figure 5). The 
intensities of these dimer and trimer peaks rose sharply after 12 h 
incubation (Figure 5), whereas quinones strongly inhibited the 
oligomerization of insulin (Figure 5 & Figure S2). This result 
agrees with those obtained from the CD spectrometry and ThT 
fluorescence assay, which was further corroborated by an immuno 
dot-blot assay, which probes the formation of oligomers and fibrils in 
the incubated samples with the oligomer- or fibril -specific antibodies 
(Figure S3). 

Dynamic light scattering (DLS) measurements were further per- 
formed to monitor particle size distributions (Figure 6). At 0 h, the 
average diameter of each sample was less than 100 nm (data not 
shown). For insulin, oligomers with diameters over 1000 nm were 
observed after 8 h incubation, and fibrils with size greater than 
5000 nm were detected after 30 h. In contrast, at each time point, 
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Figure 3 | TEM images of amyloid formed in different sample groups. 

(A) Insulin; (B)-(I) insulin co-incubated with BQ, NQ, AQ, PQ, CP, EM, 
AE, RH, respectively. The enlarged frames (4x) show details of tiny 
protofibril-like structures buried in the amorphous aggregates. Scale bar 
represents 200 nm. 

the average particle sizes of all quinones treated samples were less 
than those of insulin alone, with BQ- and NQ-treatment showed the 
strongest effects in reducing the average particle sizes of insulin. 
Consistent with the ThT results, rhubarb anthraquinone derivatives 
also showed inhibitory effects greater than that of AQ (Figure 6). 
Among all eight quinones tested, NQ has the highest inhibitory effect 
as shown in a colour map (Figure 6). 

Quinones attenuate membrane disruption effects that induced by 
toxic insulin aggregates. Oligomers and mature amyloids have been 
shown to disintegrate cell membrane and cause cell death 38,39 . Ery- 
throcyte and insulin aggregates were co-incubated to simulate cell 
membrane disruption. After 24 h incubation, insulin fibrils induced 
a hemolysis rate of 57.5 ± 2.5%, which was higher than that of PBS- 
treated controls (33.6 ± 8.3%, P < 0.05). In quinones-treated 
samples, all hemolysis rates were decreased to ca. 40% of that of 
insulin (P < 0.05; Figure 7A). To investigate whether quinones by 
themselves interrupt the binding between insulin and membrane, a 
control study was performed in which quinones were added to 
completely formed insulin fibrils, and then mixed with erythrocyte 
for further incubation, the results showed quinones could not 
attenuate the membrane disruption effect of insulin fibrils except 
for RH (Figure 7B). Another control study suggested quinones by 
themselves had no protective effect on erythrocyte hemolysis, some 
compounds even slightly induced hemolysis (Figure S4). Unlike ThT 
data, no difference was found between simple quinones and rhubarb 
anthraquinone derivatives comparing their anti membrane disrup- 
tion effects. 

Discussion and Conclusion 

According to classic amyloidogenesis model, insulin amyloid forma- 
tion may be divided into two stages, in the initial oligomerization 



Table 1 | Effects of quinones on the amyloidogenecity of insulin 







Lag time (h) 
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Maximum intensity 1 
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4.52 ± 0.45 


8.17 ± 0.85 


1 .04 ± 0.05 
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- BQ 


N.D. [3] 


N.D. 


0.19 ± 0.04 


INS ^ 


- NQ 
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N.D. 


0.12 ± 0.02 


INS ^ 


- AQ 


4.51 ± 0.23 


7.83 ± 1.03 


0.63 ± 0.04 
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- PQ 


6.97 ± 0.48 


13.00 ± 0.82 


0.77 ± 0.06 


INS -i 


-CP 


5.01 ± 0.32 


8.50 ± 0.41 


0.50 ± 0.09 


INS ^ 


- EM 


4.73 ± 0.27 


8.67 ± 0.94 


0.42 ± 0.05 
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4.67 ± 0.54 


9.67 ± 1.70 


0.50 ±0.19 


INS ^ 
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4.75 ± 0.43 


9.45 ± 0.43 
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[,] The concentration of insulin was 1 00 uJV\ and all assays were repeated three times. 
[2] The maximum fluorescence intensity of insulin was set as 1 . 

[3] N.D. ; the lag time and T50 were too long to be accurately determined during the test. 



stage, insulin monomers misfold and assemble into small molecular 
weight oligomers including dimers,trimers and other low MW oli- 
gomers; in the second fibrillization stage, low order oligomers 
assemble into large oligomers which grow into linear fibrils 40 ' 41 
(Figure 8). Recent studies also reported the existence of "off- 
pathway" oligomerization pathways during protein misfolding 42 
(Figure 8). For example, it was revealed that a-synuclein (an amy- 
loidogenic protein associated with Parkinson's disease) may form 
nontoxic and unstructured non- amyloid aggregates 43 . In another 
elegant recent study, EGCG was found to redirect the amyloid forma- 
tion of AP into off-pathway nontoxic aggregates 44 . Here, we found all 
eight tested quinones inhibit the classic amyloid formation pathways 
of insulin, both in the oligomerization and fibrillization stages. Since 
for the samples treated with AQ, PQ and AQ derivatives all showed 
un-classic fibrillation characters including the complete or partial 
formation of amorphous aggregates that unlike typical linear amy- 
loid morphology, decreased ThT fluorescence intensities, decreased 
average particle sizes as detected by DLS, and significantly attenuated 
toxicities as the hemolysis assays indicated. All these phenomena 
suggested that quinones may drive insulin undergoing the "off-path- 
way" aggregation while inhibiting the classic amyloid formation 
pathway (Figure 8). Although the exact mechanisms of quinones' 
inhibitory effects remain unclear, we reason that quinones may 
directly interact with insulin as the CD and hemolysis results sug- 
gested and thus disrupt oligomerization, similar to what EGCG does 
to the amyloid formation of AP and a-synuclein 43 ' 44 . It will be of great 
future interest to further probe the mechanism with the nuclear 
magnetic resonance (NMR) spectrometry and molecular dynamics 
simulation approaches, which have been successfully applied in 
mapping the interaction sites between amyloidogenic proteins and 
small ligands 45 ' 46 , and also in studying insulin and monosaccharides 
interaction 47 . 

It is worth mentioning that BQ and NQ, two simplest quinones 
used in this study, showed the highest efficacy in inhibiting insulin 
aggregation; whereas AQ and PQ, which containing more benzene 
rings, showed lower inhibitory effects. The amyloid inhibitory effects 
of the eight quinones follow the rank order of NQ > BQ > PQ > EM 
> CP > AE > RH > AQ. It is generally accepted that aromatic- 
intereactions and hydrophobic interactions are two major known 
driving forces responsible for amyloid formation 48 ' 49 . For quinones, 
molecular simulations have implicated that quinones may destabilize 
the intermolecular cross- p strand hydrogen bonds of oligomers and 
mature fibrils via more favorable polar interactions with the protein 
backbones, the quinonic moiety may bind to peptide backbone car- 
bonyl oxygens and amide hydrogens tightly through tt + 5" interac- 
tions and hydrogen bonds, which allow the intercalation of the 
quinone molecule into the protein oligomers 28 ' 50 . We speculate that 
the aromatic ring of monocyclic and dicyclic quinones (BQ and NQ) 
may also competitively interact with aromatic residues and thus 
intercalate into quino-protein oligomers which can not further ag- 
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Figure 4 | Secondary structures of insulin in the presence and absence of quinones. Far-UV circular dichroism spectra of sample groups at 0 h (A), and 
percentages of secondary structure contents (B). Relative thioflavin-T fluorescence intensities at 6 h (C), 12 h (D). 24 h (E) and corresponding far-UV 
circular dichroism spectra (F-H). The fluorescence signals of all samples were normalized against that of insulin incubated for 24 h, which was set as 1. 



gregate into fibrils. For tricyclic quinones, the extra benzene ring may 
increase the steric hindrance of the molecule and interfere the bind- 
ing of compound and protein. For rhubarb derived AQ derivatives, 
the inhibitory effect may be influenced by substituent groups. It has 
been reported that aromatic amyloid inhibitors with strong electron 
withdrawing group on monocyclic benzene may increase the inhib- 
itory potency 51 . For tri- and tetr a- substituted AQ with more than two 
electron donating phenolic hydroxyl groups, the regulator may be 
more complex than that of monocyclic compounds. The phenolic 
hydroxyl groups may bind with hydrophobic residues to prevent 
hydrophobic interaction caused oligomerization, which may explain 
why AQ derivatives inhibit aggregation more efficiently than AQ. In 
addition, different factors such as metals and peptides may also affect 
the aggregation properties 52 ' 53 , several small molecules have been 
reported to inhibit amyloid aggregation by chelating metal ions from 
metal- A p species 54,55 . Since quinones and their derivatives have also 
been reported as chelators 56 , it will be interesting to investigate 
whether quinones can also interrupt the ligands (such as metal ions) 
induced misfolding and aggregation. 



In P-amyloid model, natural quinones such as pyrroloquinoline 
quinone and a- tocopherol quinone were reported as effective amy- 
loid inhibitors on aggregation 35,57 . Simple quinones in our study, 
including the first time studied 9,10-phenanthraquinone, may act 
as functional skeleton entities that contribute to the inhibitory effect 
of natural quinones. Moreover, anthraquinone derivatives from rhu- 
barb further indicate that natural quinones with similar configura- 
tion may provide a huge resource of amyloid inhibitors. Although 
some quinones from plants have been thought to be allergens 58 , 
quinones are still important sources for deriving new anti-amyloid 
inhibitors. And more extensive conditions such as metal ions,crowd- 
ing, pressure and shear force may be considered to validate the pre- 
sent results. It will also be interesting to extent this research to 
traditional natural medicines containing more complex quinones 
as well as to other pathogenic amyloid systems. 

Methods 

Materials. Porcine insulin was obtained from Wanbang Biopharmaceutics INC. 
(Xuzhou, China). 1,4-benzoquinone, 1,4-naphthoquinone, 9,10-anthraquinone, 
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Figure 5 | Size-exclusion gel filtration profiles of insulin co-incubated 
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9,10-phenanthraquinone, chrysophanol (l,8-dihydroxy-3-methyl-anthraquinone), 
emodin (l,3,8-Trihydroxy-6- methyl-anthraquinone), aloe-emodin (1,8-dihydroxy- 
3-hydroxymethyl- anthraquinone) and rhein (l,8-dihydroxy-3-carboxy- 
anthraxquinone) were obtained from Aladdin- Reagents (Shanghai, China). 
Thioflavin-T (ThT) was from Sigma- Aldrich (St. Louis, USA). Anti-oligomer 
antibody (A- 11), anti-fibril antibody (OC) and anti-rabbit IgG were from Merck 
Millipore (Billerica, USA). All other chemicals were of the highest grade available. For 
hemolytic assays, fresh blood was collected from healthy volunteers with approval by 
the ethics committees of the Third Hospital of Wuhan. 

Amyloid formation and thioflavin-T (ThT) fluorescence assays. Insulin was 
dissolved in 50 mM PBS (100 mM NaCl, pH 7.4) to a final concentration of 100 uM. 
Freshly prepared solution was mixed with different quinones in a molar ratio of 
proteinxompound = 2:1 and sonicated for 2 min. DMSO was used to prepare the 
stock solutions of quinones with a final solution DMSO concentration of 0.5% 
(control study demonstrated that 0.5% DMSO has no significant effect on 
aggregation, data not shown). All groups were static incubated at 65 °C to form 
aggregates. The aggregation status of designated time points was determined by ThT 
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Figure 6 | Particle size distributions detected by dynamic light scattering. The colour map on the right summarized the size distributions of all 
experimental groups measured at indicated time points. 
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fluorescence (a final ThT concentration of 20 uM) assay recorded on a Hitachi FL- 
2700 fluorometer (Hitachi, Japan) at 482 nm with an excitation wavelength of 
450 nm as we previously described 59 . The data were normalized against the DMSO or 
quinone controls background measured at the corresponding concentrations. For the 
aggregation intermediate disruption and fibril disaggregation experiments, each 
quinone was added to pre-incubated insulin at 9 h and 27 h respectively and the 
fluorescence was monitored in the following incubation. Each experiment was 
performed at least three times. 

Far-UV circular dichroism (CD) and data analysis. A JASCO-810 circular 
dichroism spectropolarimeter (JASCO, Japan) was used to monitor secondary 
structures. Incubated samples were diluted to a final concentration of 20 uM and 
detected in a 1 mm path length at 25° C under a constant flow of N 2 . CD spectra were 
obtained from 260 to 190 nm at a 50 nm/min scanning speed and a 2 nm bandwidth. 
All samples were measured in triplicates and the averages were taken. The data were 
converted to mean residue ellipticity [0] and were further calculated with the software 
CDPro 60 . 

Size-exclusion chromatography (SEC). Incubated samples of designated time points 
were centrifuged and the supernatant was injected into a Tosoh TSK GW2000 
column to perform SEC analysis on an L-2000 HPLC system (Hitachi, Japan). Elution 
buffer was 20% acetonitrile (0.003% TFA) with a flow rate of 0.3 ml/min and a 
detection wavelength of 215 nm. 

Dynamic light scattering (DLS) analysis. The sizes of insulin aggregates were 
measured by dynamic light scattering in a zeta pals potential analyzer (Brookhaven 
Instruments, USA). Incubated samples were vortexed and detected at room 
temperature. The scattering angle was set at 90°. Each measurement was repeated 
three times and the average mean particle size was recorded. The data was analyzed by 
the multimodal size distribution (MSD) software as we previously described 61 . 

Dot blot assay. Incubated samples were prepared as described. 3 uL of sample 
solution aliquoted at indicated time points was blotted onto a nitrocellulose 
membrane (Biorad, USA). Dried membrane was blocked with 5% non-fat milk for 
1 h at room temperature and then incubated with A-l 1 (oligomer- specific antibody; 
1 : 2500) or OC antibody (fibril- specific antibody; 1 : 2500) at 4°C overnight. The 
membrane was incubated with anti-rabbit IgG (1 : 5000) for 2 h at room temperature 
later. An ECL chemiluminescence kit (Advansta, USA) was used for the final blot 
development. 

Transmission electronic microscopy (TEM). Samples for TEM assay were prepared 
as we previously described 62 . Incubated solution was applied onto a 300-mesh 
formvar-carbon coated copper grid and sit for 5 min. 1% freshly prepared uranyl 
formate was then dropwise added for staining. Dried samples were observed under a 
transmission microscope (Hitachi, Japan) operating at an accelerating voltage of 
200 kV. 

Hemolytic assay. Erythrocytes were separated from fresh blood through 
centrifugation at 1000 g and washed three times with isotonic phosphate buffered 
saline (pH 7.4) as described 63 . Insulin with or without quinones were first incubated at 
65 °C for 24 h, after the formation of aggregates were confirmed with the ThT assays, 
the incubated samples were mixed with cell suspensions (the final sample contains 2% 



hematocrit and 90 uM insulin fibrils) and shaked at 200 rpm for 24 h at 37°C. To 
investigate the possible effects of quinones on fibril-induced membrane disruption, 
mature insulin fibrils were first mixed with erythrocytes, then quinones were added 
and incubated for another 24 h. The absorption of supernatant was tested at 540 nm. 
The hemolytic rate was calculated in relation to the hemolysis of erythrocytes with 1% 
Triton- 100, which was taken as 100%. Erythrocytes treated with DMSO and 
quinones, but without insulin were used as controls. 

Statistical analysis. Each experiment was repeated three times and the data were 
expressed as the mean ± SD. The Kruskal-Wallis test and the Mann- Whitney test 
were used to evaluate statistical significance. Difference was considered statistically 
significant at P < 0.05. 
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